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Abst rac t  
The i n f r a r e d  absorp t ion  spect ra o f  t h i n  c r y s t a l l i n e  f i l m s  o f  s u l f u r  
d i o x i d e  a t  90 K a re  repor ted  i n  t h e  2700 cm-1 - 450 cm-1 region. 
observed m u l t i p l i c i t y  o f  t h e  spec t ra l  fea tures  i n  t h e  reg ions o f  fundamen- 
t a l s  i s  a t t r i b u t e d  t o  fac to r  group s p l i t t i n g s  of t h e  modes i n  a b i a x i a l  
c r y s t a l  l a t t i c e  and t h e  n a t u r a l l y  present minor 34S, 36S and l80 i s o t o p i c  
species. Complex r e f r a c t i v e  i nd i ces  determined by an i t e r a t i v e  
Kramers-Kronig ana lys is  o f  t h e  e x t i n c t i o n  data, and absolute band s t rengths  
de r i ved  from them, are a l so  repor ted i n  t h i s  region. 
The 
I n t r o d u c t i o n  
S u l f u r  d i o x i d e  has been i n v e s t i g a t e d  spec t roscop ica l l y  i n  exhaust ive 
detail.1'7 Because of i t s  importance as a p o l l u t a n t  i n  f a c t o r y  and power 
p l a n t  smoke, and i n  automobi le exhausts, methods have been devised f o r  
remote sensing of t h i s  m o l e ~ u l e . ~ , ~  These methods are based on t h e  charac- 
t e r i s t i c  absorpt ion/emiss ion peaks i n  t h e  u l t r a v i o l e t  and i n f r a r e d  
r e g i  ons. 7,lO 
Such remote sensing methods have been used t o  i d e n t i f y  s u l f u r  d i o x i d e  
on J u p i t e r ' s  moon, Io. 
by t h e  Voyager I R I S  experiment was respons ib le  f o r  t h e  unambiguous iden-  
t i f i c a t i o n  o f  t h i s  gas i n  t h e  s a t e l l i t e ' s  atmosphere by Pear l ,  e t  al.11 
The 2456.2 cm-1 band observed i n  t h e  re f l ec tance  spectrum o f  Io ,  recorded 
by Cruikshank, e t  a1,,12 has been assigned t o  s u l f u r  d i o x i d e  f r o s t 1 3  on t h e  
s a t e l l i t e ' s  surface. Th is  i s  corroborated by a r e l a t i v e l y  broad feature,  
c h a r a c t e r i s t i c  o f  s o l i d  ma te r ia l ,  i n  t h e  thermal emission spectrum o f  Io 
recorded by t h e  Voyager i n f r a r e d  experiment; pos i t i oned  a t  552 crn'l; t h i s  
band has has been i d e n t i f i e d  w i t h  s o l i d  SO2 on t h e  surface.14 
The c h a r a c t e r i s t i c  emission a t  1360 cm-l recorded 
Laboratory  data on t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  1360 cm-l band 
o f  gaseous s u l f u r  d iox ide  were u t i l i z e d  by Pear l ,  e t  a l , l l  t o  es t imate  t h e  
gas abundance i n  I o ' s  atmosphere. Corresponding modeling of t h e  sur face  
requ i res  l a b o r a t o r y  data on t h e  complex r e f r a c t i v e  i nd i ces  o f  app rop r ia te  
s o l i d  m a t e r i a l s  i n  t h e  thermal i n f r a r e d  region. 
s u l f u r  d i o x i d e  a re  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  a l though ex tens ive  i n v e s t i -  
ga t ions  o f  t h e  v i b r a t i o n a l  i n f r a r e d  and Raman spect ra o f  c r y s t a l l i n e  
s u 1 f u r  d i  ox ide  have been pu b l  i shed. 1 , 3,6s 7 9 15, 16 
No such data f o r  s o l i d  
I n  t h i s  repor t ,  we present a d e t a i l e d  i n t e r p r e t a t i o n  o f  t h e  i n f r a r e d  
a c t i v e  modes o f  c r y s t a l l i n e  s u l f u r  d iox ide,  thereby c l a r i f y i n g  a number o f  
i ncons is tenc ies  i n  p rev ious l y  repor ted  work. From q u a n t i t a t i v e  
t ransmiss ion  data, t h e  complex r e f r a c t i v e  i nd i ces  and t h e  i n t e g r a t e d  
e x t  i n c t  i on coef f i c i  e n t  s o f  t h e  absorpt  i on bands a re  a1 so o b t a i  ned. 
ExDeri mental 
The apparatus and procedure are  s i m i l a r  t o  those descr ibed i n  an 
e a r l i e r  repo r t  on c r y s t a l l i n e  C2N2.17 
Matheson (99.5%) was f u r t h e r  p u r i f i e d  by vacuum d i s t i l l a t i o n  t o  remove t h e  
main impur i t y ,  carbon d iox ide.  Thin f i l m s  (0.27-2.8 p th ickness)  were 
deposi ted on a KRS-5 subs t ra te  a t  90 K and annealed f o r  30 minutes. The 
th icknesses o f  t h e  f i l m s  were ca l cu la ted  from t h e  channel f r i n g e s  i n  t h e  
near i n f r a r e d ,  us ing  a r e f r a c t i v e  index of 1.53 (based on t h a t  o f  t h e  
l i q u i d ,  ad jus ted  by us ing  t h e  Lorentz-Lorenz formula).18 Q u a n t i t a t i v e  
i n f r a r e d  t ransmiss ion  spect ra were recorded on a Perk in  Elmer 1800 FTIR 
inst rument .  
measured 2700-450 cm-l spec t ra l  *range. 
f i l m  samples a re  reproduced i n  f i g u r e  1. 
S u l f u r  d i o x i d e  obta ined from 
A spec t ra l  r e s o l u t i o n  o f  0.6 cm-l was employed throughout t h e  
C h a r a c t e r i s t i c  spec t ra  o f  t h e  t h i n  
Data Analys is  
An i s o l a t e d  SO2 molecule ( p o i n t  group C z V )  has t h r e e  fundamental 
v i b r a t i o n a l  modes. 
o f  these modes are:5 
I n  t h e  gas phase t h e  f requencies and t h e  c l a s s i f i c a t i o n  
01 (AI) : 1151 cm-l 
$2 (AI) : 519 cm-l 
$3 (B1) : 1361 cm-l 
I n  t h e  s o l i d  phase t h e  i n te rmo lecu la r  i n t e r a c t i o n s  produce s i g n i f i c a n t  
changes i n  p o s i t i o n s  and s t reng th  o f  t h e  bands r e l a t i v e  t o  those i n  t h e  gas 
phase. 
34~1800 (0.41%) and 36S02 (0.07%) are  a l s o  observed i n  both phases. 
Bands due t o  t h e  n a t u r a l l y  present  i s o t o p i c  species 34S02 (4.4%), 
17 
The c r y s t a l  s t r u c t u r e  o f  SO2 i s  or thorhombic (space group CzV, Z=2) 
w i t h  t h e  molecules occupying C2 si tes.19 The c o r r e l a t i o n  diagram ( f i g u r e  
2)  shows t h e  expected m u l t i p l c i t y  o f  t h e  molecular  modes due t o  c r y s t a l  
f i e l d  e f f e c t s .  
f i e l d  s p l i t  components (AI) i s  i n f r a r e d  a c t i v e  whereas 03 i s  s p l i t  i n t o  
two a c t i v e  components ( B 1  and B2). 
c r y s t a l  each i n f r a r e d  a c t i v e  mode i s  f u r t h e r  s p l i t  i n t o  2 components, TO1 
and T02.20 Th is  i s  p r e c i s e l y  what i s  observed i n  t h e  spectra. 
Thus, f o r  0 1  and 0 2  modes on ly  one o f  t h e  two c r y s t a l  
Because o f  t h e  b i a x i a l  na ture  o f  t h e  
Peak f requencies de r i ved  from our measurements a re  l i s t e d  and com- 
pared w i t h  e a r l i e r  r e s u l t s  i n  Table 1. 
our  observed f requencies are  very s i m i l a r  t o  those repor ted  prev ious ly .  
I n  t h e  reg ions o f  fundamentals 
E a r l i e r  works have attempted t o  e x p l a i n  t h e  i n f r a r e d  bands i n  terms o f  
t h e  normal modes o f  SO2 and i t  i s o t o p i c  species. 
Raman spectrum o f  c r y s t a l l i n e  s u l f u r  d iox ide  i n  terms of Transverse (TO) 
and Long i tud ina l  (LO) modes but  f a i l e d  t o  recognize t h e  s p l i t t i n g  o f  t h e  
TO components i n  a b i a x i a l  c r y s t a l .  
c o n s i s t e n t  w i t h  t h e  p r e d i c t i o n s  based on t h e  c r y s t a l  f i e l d  e f f e c t s ,  
t h e  expected frequency s h i f t s  and r e l a t i v e  i n t e n s i t i e s  o f  t h e  n a t u r a l l y  
p resent  i s o t o p i c   specie^.^ I n  t h e  f o l l o w i n g  d iscuss ion  t h e  spectrum i s  
d i v i d e d  i n t o  f o u r  regions. 
Brooker15 discussed t h e  
The assignments proposed here a re  
.. 
a)  510 - 540 cm-1 
The s t ronges t  bands, centered a t  520.9 cm-l and 522.7 cm-l, a re  
assigned t o  t h e  2 TO components of t h e  0 2  (AI) mode. The two weak 
shoulders peaked a t  516.7 cm-l and 514.0 cm-l a re  associated w i t h  t h e  3 2  
modes o f  Sl80O and 36S02 species respec t ive ly .  
these peaks from t h e  average frequency of t h e  two main TO components (5.1 
cm-l f o r  Sl80O and 7.8 cm-l f o r  36S02) compare favorab ly  w i t h  t h e  
corresponding ca l cu la ted  values o f  4.6 cm-l and 10.6 crn-l. 
The observed s h i f t s  o f  
4 
b )  1120 - 1150 cm-l 
Resul ts  i n  t h i s  reg ion  f o l l o w  from arguments s i m i l a r  t o  those f o r  t h e  
3 2  reg ion  because t h e  3 1  and 3 2  modes have t h e  same symmetry characters.  
The two TO components are associated w i t h  t h e  1140.0 cm-l and t h e  1143.0 
cm-l peaks; i n  a l l  prev ious work t h e  band a t  1140.0 cm-l had been assigned 
t o  3 1  o f  34S02. 
vl(SO2) i s  much l a r g e r  than t h e  expected 4.4%; i n  add i t ion ,  t h e  s h i f t  o f  3 
cm-l f rom t h e  main peak a t  1143.0 cm-l i s  s u b s t a n t i a l l y  smal le r  than t h e  
c a l c u l a t e d  value, 7.3 cm-l. 
cm-l w i t h  34S02; we associate t h e  shoulder a t  1120.5 cm-l w i t h  Sl80O. Both 
o f  these assignments are cons is ten t  w i t h  t h e i r  r e l a t i v e  i n t e n s i t i e s  and t h e  
respec t i ve  ca l cu la ted  frequency s h i f t s  7.3 cm-l, and 28.2 cm-l. 
However, i t s  observed i n t e n s i t y  r e l a t i v e  t o  t h a t  o f  t h e  
Here we associate t h e  weak shoulder a t  1134.0 
2 
c )  1280 - 1350 cm-1 
As discussed above, 4 TO components (2B1 and 2B2) o f  0 3  a re  expected 
i n  t h e  i n f r a r e d  spectrum. 
1304.3 cm-l, 1310.1 cm-l, and 1323.3 cm-l. 
and B2 species as g iven i n  t h e  t a b l e  1 i s  somewhat a r b i t r a r y  i n  t h e  absence 
o f  d e t a i l e d  p o l a r i z a t i o n  data. Our r e s u l t s  were obta ined f o r  t h i n  f i l m s  o f  
randomly o r ien ted  c rys ta l s .  Brooker c a r r i e d  ou t  po la r i zed  Raman studies;15 
however, because o f  p a r t l y  o r i en ted  c r y s t a l s  and s i g n i f i c a n t  p o l y c r y s t a l l i -  
n i t y  of t h e  sample, t h e r e  was considerable s p i l l o v e r  o f  modes o f  o the r  spe- 
These are, i n  f a c t ,  observed a t  1302.8 cm-1, 
The i r  c l a s s i f i c a t i o n  i n t o  B 1  
c i e s  i n  a s c a t t e r i n g  geometry designed t o  o b t a i n  modes o f  a s p e c i f i c  
symmetry. 
modes should appear, t h e  band a t  1310.6 cm-l assigned to ’o3(BiPTO) appears 
s t rong ly .  
cm-l, and 1287.7 cm-l t o  3 3  modes o f  34S02, Sl80O and 36S02, respec t i ve l y .  
T h e i r  r e l a t i v e  i n t e n s i t i e s  a re  roughly i n  t h e  r a t i o s  o f  t h e i r  
For example, i n  t h e  s c a t t e r i n g  geometry, a(cc)b i n  which o n l y  A 1  
We ass ign t h e  observed i n f r a r e d  peaks a t  1295.6 cm-l, 1291.2 
n a t u r a l  abundance and t h e i r  frequency s h i f t s  from t h e  average o f  t h e  f o u r  
main components (-17.5 cm-1, 21.9 cm-1 and 25.3 cm-1, r e s p e c t i v e l y )  a r e  i n  
agreement w i t h  t h e  corresponding c a l c u l a t e d  values 16.9 cm-1, 21.0 cm-1 and 
25.4 cm-1.4 
d )  2270 cm-l - 2460 cm-l 
Sharp fea tu res  a t  2287.4 cm-l and 2273.9 cm-l are assigned t o  t h e  201 
overtones o f  SO2 and 34s02 species, respec t i ve l y .  The fea tu res  a t  2456.2 
cm-l and 2433.7 cm-l have proper r e l a t i v e  i n t e n s i t i e s  and s p e c t r a l  s h i f t s  
t o  be assigned t o  t h e  01 + 33  combinations o f  SO2 and 34S02 species. 
assignments a re  i n  agreement w i t h  those o f  Barbe, e t  a l e 3  
These 
I n  t h e  regions o f  a l l  t h e  fundamentals, broad absorpt ions a r e  observed 
on t h e  h i g h  frequency s i d e  o f  t h e  TO peaks. These are c h a r a c t e r i s t i c  o f  
s t r o n g l y  p o l a r  modes f o r  which t h e  LO-TO s p l i t t i n g s  are large;  t h e  LO modes 
a r e  made i n f r a r e d  a c t i v e  by anharmonic l a t t i c e  in teract ions.20 I n  p r i n -  
c i p l e ,  app rop r ia te  s c a t t e r i n g  geometry can be employed t o  o b t a i n  LO f r e -  
quencies i n  t h e  Raman spect ra o f  p o l a r  c r y s t a l s .  
spec t ra  o f  S02,15 though not  obtained f o r  p e r f e c t l y  o r i e n t e d  c r y s t a l s ,  g i v e  
i n d i c a t i o n s - o f  peaks around 1150 cm-l, 530 cm-l, and 1340 cm-l which may be 
The repor ted Raman 
associated w i t h  LO components of $1, 3 2  and $ 3 ,  respec t ive ly .  These f r e -  
quencies are  i n  approximately t h e  same range as those o f  t h e  shoulders i n  
our  i n f  ra red  spectra.  
The f requencies of t h e  A2 components o f  $1 and $ 2  are no t  es tab l i shed;  
therefore,  t h e  magnitude o f  c r y s t a l  f i e l d  s p l i t t i n g s  o f  these modes i s  no t  
known. 
s p l i t  components o f  3 3  i s  a l so  somewhat a r b i t r a r y  because o f  lack  o f  
p o l a r i z a t i o n  data. 
ponents (Table 1 )  i s  t h e  l a r g e  s p l i t t i n g  (Bl-Bz separa t ion)  expected due t o  
d i  p o l  e-d i  p o l  e i n t e r a c t  i on between s t rong ly  po l  a r  modes. 
i n t e r a c t i o n s  a re  a l so  i n d i c a t e d  by t h e  f a c t  t h a t  t h e  observed LO-TO s p l i t -  
t i n g s  (-5 cm-l f o r  3 1  and $2 and -25 cm-l f o r  $ 3 )  are  roughly  p ropor t i ona l  
As mentioned above, t h e  c l a s s i f i c a t i o n  o f  B 1  and B2 c r y s t a l  f i e l d  
The basis,  f o r  our choice o f  assignments o f  $ 3  com- 
Strong d i  p o l  a r  
t o  t h e i r  i n t e n s i t i e s .  20 
Op t i ca l  Constants and Band Strengths 
To p roper l y  evaluate i n teg ra ted  s t rengths  o f  t h e  bands requ i res  
knowledge o f  t h e  wavenumber dependent absorpt ion c o e f f i c i e n t .  
measurements do no t  p rov ide  t h i s  f u n c t i o n  d i r e c t l y  because t h e  t r a n s m i t t e d  
Th in  f i l m  
s i g n a l  i s  reduced by r e f l e c t i o n  losses  a t  the  sample surfaces, as w e l l  as 
by absorp t ion  w i t h i n  t h e  sample. 
complex r e f r a c t i v e  index o f  t h e  ma te r ia l  m(o) = n($)  - i k ( $ ) .  
Both o f  these e f f e c t s  a re  r e l a t e d  t o  t h e  
To d e r i v e  m($) from t h e  data, an i t e r a t i v e  procedure s i m i l a r  t o  t h a t  
Taking account o f  both r e f l e c t i o n  and suggested by Warren21 was adopted. 
absorpt ion,  t h e  i n t e n s i t y  t ransmi t ted  through a p lane absorbing f i l m  o f  
th ickness  d deposi ted on a nonabsorbing subs t ra te  i s  g iven approximately 
by21 9 22 
Here 
a = 4wVk 
R 1  = r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  vacuum-film i n t e r f a c e  
R2 = r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  f i lm-subs t ra te  i n t e r f a c e  
R3 = r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  substrate-vacuum i n t e r f a c e  
The t ransmi t tance,  T, i s  de f ined as t h e  r a t i o  o f  t h e  measured i n t e n s i t y  t o  
t h e  base1 i ne: 
I T  T =  
I B a s e l  i ne 
where * r e f e r s  t o  cond i t i ons  j u s t  ou ts ide  t h e  regions o f  absorp t ion  bands. 
To i n i t i a t e  t h e  i t e r a t i v e  procedure, an es t imate  o f  t h e  t r u e  absorp t ion  
c o e f f i c i e n t ,  aTrue, i s  obta ined from t h e  r a t i o  o f  t ransmiss 
two d i f f e r e n t  sample th icknesses ( t h e  r e f l e c t i o n  losses are  
ce l l ed ,  t o  a f i r s t  approximat ion):  
on spec t ra  f o r  
thereby can- 
1 I n  (% 
T 1  aTrue 
The corresponding k values are  then used i n  a Kramers-Kronig ana lys i s  t o  eva- 
l u a t e  t h e  r e a l  pa r t ,  n, o f  t h e  r e f r a c t i v e  index o f  t h e  f i l m .  A new es t imate  o f  , 
i s  then obta ined by us ing  t h e  n and k values i n  t h e  expression 
I 
'True 
Obtai n i  ng n through t h e  Kramers-Kroni g ana lys is  and reeva lua t i ng  aTrue def ines  
t h e  procedure which was i t e r a t e d  t o  convergence. 
I n  p rac t i ce ,  t h e  method was on ly  app l i ed  w i t h i n  absorp t ion  bands, f o r  
i n  a d d i t i o n  t o  t h e  absorp t ion  s ignatures  o f  SOz, t h e  ac tua l  data conta in :  
a )  weak absorp t ion  fea tures  associated w i t h  i m p u r i t i e s  w i t h i n  t h e  sample 
and/or t h e  inst rument  windows ( p r i n c i p a l l y  H20 and vacuum pump o i l ,  respec- 
t i v e l y ;  these fea tures  do not  over lap those due t o  S02); b)  a s l i g h t  s lope 
due t o  ins t rumenta l  adjustment ( t h i s  i s  no t  caused by s c a t t e r i n g  i n  t h e  
samples, a l l  o f  which were c l e a r  and t ransparent  t o  t h e  eye; i n  add i t i on ,  
t h e  s i g n a l  decreases w i t h  decreasing wavenumber whereas t h a t  due t o  sca t -  
t e r i n g  would inc rease w i t h  decreasing wavenumber) ; and c )  channel f r i n g e s  
due t o  coherent a d d i t i o n  o f  r a d i a t i o n  m u l t i p l y  r e f l e c t e d  between t h e  
p a r a l l e l  sur faces o f  t h e  f i l m s  (these t y p i c a l l y  had p e r i o d i c i t i e s  o f  l o 3  - 
l o 4  cm-l). 
abso rp t i on  bands, and d e f i n e  a base l ine  w i t h i n  t h e  bands by a l i n e a r  func- 
t i o n  which i s  tangent t o  t h e  channel f r inges  a t  t h e  band edges. 
and k a re  shown i n  F igure  3. 
obta ined i n  t h i s  way were used t o  c a l c u l a t e  t ransmiss ion  spect ra f o r  
samples o f  known thicknesses; F igu re  4 shows observed and ca lcu la ted  
t ransmi t tance  i n  t h e  1370 - 1270 cm-l reg ion  f o r  t h r e e  d i f f e r e n t  
th icknesses. 
10%. 
t h e  wings o f  t h e  absorp t ion  bands are  somewhat d i s to r ted .  
k values accurate t o  - + 10% w i t h i n  t h e  c e n t r a l  reg ions o f  t h e  fundamentals 
and t o  - + 20%. f o r  t h e  weak 201 band. 
i n  t h e  reg ions o f  t h e  fundamentals. 
For  t h e  present analys is ,  we assume t h a t  T = 1 ou ts ide  o f  t h e  
P l o t s  o f  n 
As a check, t h e  complex r e f r a c t i v e  i n d i c e s  
I n  a l l  cases t h e  agreement w i t h  t h e  l a b o r a t o r y  data i s  w i t h i n  
Because o f  t h e  choice o f  basel ine,  t h e  complex r e f r a c t i v e  i n d i c e s  i n  
We consider  t h e  
Table 2 g ives se lec ted  n and k values 
The de r i ved  absorp t ion  c o e f f i c i e n t s  were used t o  determine t h e  
i n t e g r a t e d  band s t rengths  
Resul ts  a re  g iven i n  Table 3, a long w i t h  approximate values der ived  by a l e a s t  
squares f i t  t o  t h e  t ransmi t tance data uncorrected f o r  r e f l e c t i o n  losses: 
A lso  inc luded i n  t h e  t a b l e  a re  t h e  i n t e g r a t e d  band s t rengths  f o r  t h e  gas. 
The grea tes t  source o f  e r r o r  i n  these de terminat ions  i s  i n  t h e  th ickness  
measurements o f  t h e  f i l m s .  We es t imate  t h i s  e r r o r  t o  be + 10%. For  weaker 
combinat ion and overtone bands the re  i s  an a d d i t i o n a l  e r r o r ,  p o s s i b l y  up t o  
10% i n  t h e  measurement o f  t h e i r  i n t e g r a t e d  absorbance areas. 
our  r e s u l t s  good t o  w i t h i n  10% f o r  t h e  fundamentals and t o  w i t h i n  20% f o r  
t h e  weaker overtones and combinat ion bands. 
bands are not  s i  gn i  f i c a n t l y  changed on condensation. 
i n  t h e  s t rengths  o f  t h e  01 fundamental and t h e  231 overtone are  s u b s t a n t i a l ,  
and l i e  ou ts ide  t h e  l i m i t s  o f  exper imental  e r ro r .  
v i o r  i s  unknown, as a c l e a r  understanding o f  t h e  e f f e c t  o f  c r y s t a l  f i e l d  on 
t h e  band e x t i n c t i o n s  i s  not  a v a i l a b l e  a t  present. 
- 
Overa l l  we cons ider  
The s t rengths  o f  t h e  3 2  and 0 3  
However , t h e  changes 
The cause o f  t h i s  beha- 
Acknowledgment 
Th is  work was si ipported by NASA grants  NAGW-637 and NAG5-216. 
References 
1. Anderson, A., and Campbell, W. C. W., 3. Chem. Phys. - 67, 4300 (1977). 
2. M a i l l a r d ,  D.,  Al lavena, M., and Perchard, J. P., Adv. Phys. - 13, 423 (1975). 
3. Barbe, A., Delahaigue, A . ,  and Jouve, P., Spectrochim. Acta. - 27A, 1439 
(1971). 
4. A l lavena,  M., Rysnik, R., White, D., Calder, V., and Mann, D. E., J. Chem. 
Phys. - 50, 3399 (1969). 
5. Giguere, P. A., and Savoie, R., Can J. Chem. - 43, 2367 (1965). 
6. Anderson, A., and Savoie, R . ,  Can. J. Chem. - 43, 2271 (1965). 
7. Giguere, P. A., and Falk,  M., Can. J. Chem. - 34, 1833 (1956). 
8. Staehr,  W . ,  Lahmann, W., and Weitkamp, C., Appl. Opt. - 24, 1950 (1985). 
9. K r a i s l e r ,  0. D.,  Goldovsk i i ,  V. L., Shurenko, Yu. A., and Kozubovski i .  
Opt. Spectros. (USSR) - 51, 320 (1981). 
10. 
11. Pear l ,  J., Hanel, R., Kunde, V., Maguire, W . ,  Fox, F., Gupta, S., 
12. 
Weiner, R. N., and Nixon, E. R., 3. Chem. Phys. - 25, 175 (1956). 
Ponnamperuma, C., and R u l i n ,  F., Nature - 280, 755 (1979). 
Cruikshank, D. P., Jones, T. J., and P i l c h e r ,  C. B., Astrophys. 3. - 225, L89 
(1978). 
13. Fanale, F. P., Brown, R. H., Cruikshank, D. P., and Clark ,  R. N., Nature 
- 280, 761 (1979). 
14. Pear l ,  J., Hanel, R., Ospina, M., Samuelson, R., Jere, G. and Khanna, R. 
15. 
16. 
17. Ospina, M., Zhao, G., and Khanna, R., Spectrochim. Acta. (1987), i n  press. 
18. 
19. 
K., I A U  Col loq.  77 "Natura l  S a t e l l i t e s " ,  I thaca,  New York (1983). 
Brooker,  M. H., J. Mol. S t r u c t .  - 112, 221 (1984). 
Gerding, H., and Ypenburg, J. W.,  Recuei l ,  - 86, 459 (1967). 
F ranc is ,  A. W., J. Chem. Eng. Data - 5, 534 (1960). 
Post, B., Schwartz, R. S., and Fankuchen, I., Acta. Cryst .  - 5, 372 (1952). 
20. Decius, J.C. and Hexter, R. M., Mo lecu la r  V i b r a t i o n s  i n  Crys ta ls .  
McGraw H i l l  Inc. (1977). 
21. 
22. 
Warren, S. J., Appl. Opt. - 25, 2650 (1986). 
S i l l ,  G., F ink,  U., and Ferraro,  J. R., J. Opt. SOC. Am. - 70, 724 (1980). 
TABLE 1 
V i b r a t i o n a l  Frequencies f o r  C r y s t a l l i n e  S u l f u r  
I I  
Diox ide ;  Assignments a re  based on Cpv Space Group 
Anderson and 
Savoi e Giguere and Fa1 k Barbe e t  a1 . Brooker Th is  Work 
1965 1956 1971 1984 1986 
I R ,  77°K I R ,  9f"K I R ,  71°K Raman, 77°K IR, 9 "K 
cm-1 cm- cm- cm-1 cm- Assignment 
514.3 514.0 o 2 ( A 1  ) C S 18003 
517 517.2 516.7 o ~ ( A ~ ) [ ~ ~ S O ~ ]  
524 
542 
1122 
1141 
1144 
1148 
1153 
521 
1303 
1304 
522 
524.3 
528 
535 
1121 
1140 
1144 
1120.6 1120.5 
1134.9 1134.6 
1140.4 1140.5 
1144.8 1143.8 
1148.2 
1288 
1302.8 
1304 
1305.0 
- 530 02w) 
(broad shou lder )  
1120.5 Q ~ ( A ~ ) [ S ~ ~ O O ]  
1134.0 Q 1 ( A i )  C34S021 
1140.0 Ai(TO1) 
1143.0 A i (T02)  
Q 1so2 
-1150 fq (L0)  
(broad shoulder) 
1287.7 03[36S02] 
1291.2 O3CS18001 
1295.6 Q3c34S021 
1302.8 Bi(TO1) 
1304.3 B 1  (T02) 
9 3s02 
TABLE 1 (Cont inued) 
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V i b r a t i o n a l  Frequencies f o r  C r y s t a l l i n e  S u l f u r  
D iox ide ;  Assignments a re  based on C z V  Space Group 
Anderson and 
Savoi e Giguere and Fa lk  Barbe e t  a l .  Brooker Th is  Work 
1965 1956 1971 1984 1986 
I R ,  77'K I R ,  98°K I R ,  77°K Raman, 77°K I R ,  98°K 
cm-1 cm-1 cm-1 cm-1 cm-l Assignment 
1312 
1324 
1341 
1351 
1310 1315.2 
1322 1323.2 
1334 
2287 
2432 
2455 
2274.3 
2288 
2433.5 
2456.5 
1310.6 1310.1 Bz(TO1) 
1323.3 B2( T02) 1323.6 
(broad shou lder )  
3 3s02 
1337 A. 1345 3 3( LO) 
1353 
2273.9 a 1(34s02) 
2287.4 23 1 (S02) 
2433.7 9 1+3 3(  34S02) 
2456.2 3 1+3 3(SO2) 
TABLE 2 
Selected Values o f  n and k i n  t h e  I n f r a r e d  Absorpt ion 
Regions o f  C r y s t a l l i n e  SO2 
n1 k 
2458.2 
2456.2 
2454.3 
1400.2 
1375.0 
1344.7 
1334.5 
1323.4 
1316.5 
1310.2 
1305.7 
1304.5 
1302.1 
1210.0 
1151.2 
1150.0 
1145.5 
1143.0 
1142.5 
1140.0 
1800.0 
550.5 
537.3 
522.7 
520.9 
520.2 
516.7 
1.506* 
1.534 
1.559* 
1.361 
1.299 
0.999" 
1.043 
1.359 
1.650 
2.303 
1.799* 
2.142 
2.645* 
1.597 
1.101* 
1.110 
1.302 
2.178 
3.040* 
2.138 
1.564 
1.381 
1.161* 
1.772 
2.769 
3.253* 
2.066 
0.025 
0.062* 
0.027 
0.021 
0.047 
0.317 
0.570 
1.399* 
0.842 
1.410* 
0.539 
0.921* 
0.370 
0.000 
0.311 
0.424 
0.902 
1.737* 
0.737 
0.976* 
0.00 
0.023 
0.237 
1.234" 
1.660* 
0.574 
0.079" 
1 Values o f  n a re  based on an assumed value o f  1.53 a t  2700 cm'l i n  t h e  
Kramers-Kroni g ana lys is  of t h e  absorp t ion  data. 
Data f o r  n and k a t  0.3 cm-l i n t e r v a l  i n  t h e  absorp t ion  reg ions a re  
a v a i l a b l e  f rom t h e  authors. 
* Peak pos i t i ons .  
TABLE 3 
In teg ra ted  Band Strengths f o r  Gaseols a!$ S o l i d  
S O 2  ( A l l  Values i n  Un i ts  of 10 cm ) 
Band AGas 
* 
ASol i d  ASol i d  
3 1  7.6 
32  9.4 
3 3  67.8 
23 1 0.79 
3 1 w 3  0.97 
13.6 
8.7 
61.8 
0.16 
1.09 
15.2 
12.0 
68.5 
0.13 
0.97 
F igu re  Captions 
F igure  1. I n f r a r e d  t ransmiss ion spect ra o f  t h i n  f i l m s  o f  c r y s t a l l i n e  SO2 a t  
90 K 
( a )  2.8 micron th ickness 
( b )  0.27 micron th ickness  
Transmission scales have been a r b i t r a r i l y  s h i f t e d  f o r  t h e  two 
spectra.  
F igu re  2. C o r r e l a t i o n  o f  v i b r a t i o n a l  modes o f  SO2 molecules i n  c r y s t a l l i n e  S02. 
F igu re  3. Complex r e f r a c t i v e  i nd i ces  o f  c r y s t a l l i n e  SO2 a t  90 K. 
F igu re  4. Comparison o f  ca l cu la ted  ( - - e )  and labo ra to ry  (-) t ransmiss ion  
spec t ra  i n  t h e  0 3  region. 
( a )  0.27 1.1 sample th ickness  
( b )  0.52 sample th ickness  
( c )  0.75 p sample th ickness  
I . " I .  s - - . n  4- 1200 1100 550 500 2500 2300 1400 1300 
WAVENUMBER 
Mol ecul  a r  Group S i t e  Group Fac tor  Group 
Sel e c t  i on Rul es (C2V) (C2) (C2V) 
33 
I R  . R 
~~~~~~~~ ~ 
I R :  I n f r a r e d  A c t i v e  
R :  Raman A c t i v e  
Tx, Ty, TZ i n d i c a t e  d i r e c t i o n s  o f  d i p o l e  change du r ing  v i b r a t i o n  
TOl,T02: Two poss ib le  phonon propagat ion d i r e c t i o n s  perpend icu la r  t o  t h e  
d i r e c t i o n  o f  d i p o l e  change 
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